Flow-through skin flap grafting is becoming widely used for the reconstruction of skin and soft tissue defects, particularly for patients with poor blood supply around the defect. However, the treatment of the veins remains controversial. In the present study, 5x2-cm skin flaps were created on the left inner thighs of rabbits in order to investigate the effects of various treatments of the veins on the survival of a flow-through skin flap. A femoral artery perforator running through the flap was preserved. Five groups were established in which no veins, one superficial vein (SV), one accompanying vein (AV), one SV plus one AV, or all trunk veins (control) were retained. The percentage of flap area survival was determined on day 10. On days 3, 5, 7 and 9, tissues were harvested from the skin flaps and immunohistochemical analysis was performed in order to count the number of microvessels. Western blot analysis was subsequently completed in order to determine the expression levels of vascular endothelial growth factor (VEGF). The flap areas in which no veins were retained demonstrated significantly reduced survival rates on day 10, as compared with those in the other four groups (P<0.01). Furthermore, flaps with the retention of a SV also demonstrated reduced survival rates, as compared with the AV, AV plus SV and all veins groups (P<0.01); however, there no significant differences were detected between the latter three groups (P>0.05). Immunohistochemical analysis on day 3 detected a greater number of microvessels in the flaps of the control group, as compared with the flaps of the other groups. Furthermore, the AV and AV plus SV groups demonstrated a greater number of microvessels, as compared with the SV and no vein groups, and he no vein group demonstrated the fewest microvessels. No significant differences were found between the AV, AV plus SV and control groups on day 5, 7 and 9. Western blot analysis on day 5 demonstrated that the expression levles of VEGF were significantly increased in the flaps of the AV, AV plus SV and control groups, as compared with those in the SV and no vein groups. No significant differences were detected between the former three groups, and increased VEGF expression levels were detected in the flaps of the SV group, as compared with the no vein group. The flow-through flap grafts with no retained veins barely survived. Anastomosing one AV was adequate for flap survival; however, further studies are required in order to investigate the survival of flow-through flaps in more detail.
Introduction
In recent years, trauma and chronic wounds have been caused by a greater number of reasons, with a 4% increase in the number of patients suffering from soft tissue defects in combination with bone or tendon exposure reported every year since 2000 (1) (2) (3) (4) . Reconstructing the defects is essential but challenging, particularly for patients with a weak blood supply. The most common therapeutic approach in the treatment of these defects is a flap graft, while the conventional treatment of vessels is end-to-end anastomoses of the grafting flap and recipient area for the main supplying artery, with one or two grafting veins also being anastomosed. However, conventional surgery sacrifices the major vessel of the grafting flap; immediate postoperative monitoring of circulation to the graft is also required, demanding a surgical team skilled in this microvascular technique, and involving a long operative time. The flow-through technology was first introduced clinically by Soutar et al (5) in 1983, and the procedure involved using a radial arterial flap in the reconstruction of the head and neck. The use of a flow-through compound radial artery forearm flap in reconstruction of the extremities was reported in 1984 (6) . This operative technology was adopted to recover the integrity of the grafting trunk vessel by anastomosing its two extremities; the surgery not only reconstructs the defects, but also increases the blood supply to the distal limbs, especially for patients with only one remaining trunk vessel (7) (8) (9) . Patients suffering soft tissue defects combined with tendon or bone exposure are required to undergo several surgical procedures, causing severe damage to the majority of the trunk veins. Reconstructing such kinds of defects is challenging, and the optimum treatment of the grafting veins remains controversial. The present study was conducted with the aim of exploring the effects of the preservation of different grafting veins on flow-through flap survival.
Materials and methods
Experimental animal model and skin flap measurement. All experiments were approved by the Institutional Animal Care and Use Committee of Wuhan University (Wuhan, China), and the animal procedures were performed in strict accordance with institutional and national guidelines (10) . All efforts were made to minimize suffering.
A total of 50 Japanese white ear rabbits weighing 2.5-3.5 kg were purchased from and housed in the approved animal care facility at the Center for Animal Experiments of Wuhan University (Wuhan, China). Rabbits were randomly divided into five groups (each n=10) and were anesthetized via intramuscular injection of 1% pentobarbital sodium (30 mg/kg). Subsequently, the inner thighs of the rabbits were shaved, treated with betadine solution and sterilized with iodine followed by 75% ethanol. A 5x2-cm skin flap was then created on the left inner thigh of each rabbit.
In each rabbit, a superficial femoral artery perforator running through the flap was preserved. Skin flaps in which all trunk veins were retained were used in the control group, and various numbers/types of veins were retained in the four experimental groups: No veins, one superficial vein (SV), one accompanying vein (AV), one SV plus one AV. Each rabbit received antibiotic therapy (8x10 5 IU) by intramuscular injection following the surgery in order to prevent infection of the skin flaps.
Survival was determined on day 10. Tissues were collected from the central portion of the skin flaps on day 3, 5, 7 and 9 for immunohistochemical analysis to count the number of microvessels. Western blotting was also carried out to evaluate the expression levels of vascular endothelial growth factor (VEGF), which serves as an indicator of the growth of new blood microvessels. Rabbits were anesthetized via intramuscular injection of 15% pentobarbital sodium (30 mg/kg) on day 10. All rabbits were sacrificed via decapitation following the experiment.
Percentage survival of the flap areas. The condition of each skin flap was checked every day after the surgery. The percentage of the skin flap area that survived (survival rate) on day 10 was determined with the use of Image Pro-Plus software (version 7; Media Cybernetics, Inc., Rockville, MD, USA) due to retraction of the skin flaps. The survival rates of the flap areas were analyzed and compared between different groups with the Image Pro-Plus software.
Immunohistochemical analysis of microvessels. Counting of the microvessels in the skin flaps was conducted with staining of Factor VIII. Tissues collected from the skin flaps were cut to 5-µm thickness and embedded in paraffin. For analysis, the tissue sections were deparaffinized and then treated with 20 mg/ml proteinase K (Roche Diagnostics, Basel, Switzerland) for 15 min (3x5 min). Endogenous peroxidase was blocked by incubating the sections with 3% hydrogen peroxide for ≥10 min. The sections were then washed with phosphate-buffered saline (PBS) and treated with blocking reagent (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Anti-rabbit anti-Factor VIII polyclonal antibody (1:1,000; bs-0434R; Beijing Biosynthesis Biotechnology Co., Ltd., Beijing, China) was applied to the sections, which were then incubated at room temperature for 1 h. The sections were rinsed with PBS repeatedly and then incubated with fluorescein isothiocyanate (FITC)-conjugated secondary antibodies (1:500; HP1201; Amyjet Scientific, Inc., Wuhan, China) for 30 min at room temperature. After treating the antibodies with avidin-biotinylated enzyme complex in combination with peroxidase substrate solution (both Roche Diagnostics) for 2 min, they were then visualized. Mayer's hematoxylin was also used to counter-stain the sections for 5 min. The stained blood microvessels on each slide in the most vascularized area of the section were counted. Tissue sections were scanned under high magnification to identify the areas with the greatest amount of vascularization; the specific number of microvessels was counted in a high-power field of x400 for five non-overlapping areas.
Western blot analysis for VEGF. Skin flap tissues were homogenized in buffer with an added protease inhibitor cocktail (Roche Diagnostics), which consisted of 10 mM NaCl, 50 mM Tris, 1% NP-40 and 0.02% sodium azide. Subsequently, homogenates were put into filtered centrifuge tubes and centrifuged at 10,000 x g for 15 min at room temperature. Following dissolution in Laemmli buffer (Santa Cruz Biotechnology, Inc.), the proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. The membranes were blocked with 5% milk for 5-10 min and incubated with primary antibody at 4˚C overnight. The polyclonal primary antibodies targeted VEGF (1:200; sc-507) or β-actin (1:10,000; sc-1616; both Santa Cruz Biotechnology, Inc.) as a loading control. Blots were rinsed several times with Tris-buffered saline containing 0.05% Tween-20 (TBST) and then incubated with horseradish peroxidase (HRP)-labeled secondary antibodies (1:200; HP1201; Amyjet Scientific, Inc.). Finally, the blots were washed again with TBST. Positive signals were generated after the blots were incubated with a luminescent HRP substrate (Roche Diagnostics) for 1-2 min. Using a high-resolution flatbed scanner and ImageJ densitometry software (version 1.45; National Institutes of Health, Bethesda, MD, USA), the optical densities of at least three replicates of each group were quantified and the densities were expressed for each group on the basis of their intensities relative to β-actin.
Statistical analysis. Unpaired Student's t-tests were used to perform between-group comparisonss using SPSS 17.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a significant difference.
Results
Survival rates of the skin flap areas. The survival status of each flap was assessed daily, representative images were captured on day 10 ( Fig. 1 ) and the survival rates were analyzed (Fig. 2) . The results of the present study demonstrated that skin flaps with no veins faced more difficult survival conditions and had a lower survival rate, as compared with the other groups (P<0.01). Improved survival states and rates were demonstrated in the AV, SV plus AV and all veins (control) groups, as compared with the SV and no vein groups (P<0.01); however, no significant differences were detected between the former three groups (P>0.05).
Density of microvessels. Microvessels in the skin flaps were counted by staining for Factor VIII on days 3, 5, 7 and 9 ( Figs. 3 and 4 ). On day 3, the flaps of the all veins (control) group demonstrated the greatest microvessel count; the microvessel counts of the AV and SV plus AV groups were greater than those of the SV and no vein groups; and the flaps with a SV had greater numbers of microvessels than those with no veins. However, no significant differences were identified on days 5, 7 and 9 between the AV, SV plus AV and all veins (control) groups, and the results for the remaining two groups were as described on day 3.
Expression levels of VEGF. VEGF expression is considered to be an important indicator of the development of new microvessels which can also promote angiogenesis in wound healing (11) (12) (13) . In order to test the effects of the various vein treatments on the flow-through skin flap grafts, western blot analysis was performed to determine the expression levels of VEGF on day 5 ( Figs. 5 and 6 ). The expression levels of VEGF were increased in the flaps of the AV, SV plus AV and all veins groups, as compared with those in the SV and no vein groups; however no significant differences were identified between the former three groups. The flaps with the retention of a SV exhibited a higher VEGF expression levels, as compared with that of the flaps in which no veins were retained. 
Discussion
Soft tissue defects in combination with bone or tendon exposure are refractory, and patients suffering from them are faced with a long period of hospitalization, high expense during the hospital stay, and poor prognosis (14, 15) . Reconstruction of the defect is rather difficult, and the most common therapy is a flap graft, which in addition to reconstructing the defect also provides the defect with a blood supply. The conventional treatment of the blood vessels is end-to end anastomoses of the donor and recipient area for the artery, which help to provide the defects with a blood supply. Typically, 1 or 2 veins of the skin flaps are also anastomosed with veins near the defect area, which facilitates the return of venous blood from the grafting flaps, and improves the survival rate. However, the common operative technology destroys the integrity and structure of the grafting vessels; the blood supply is also weakened because of ligation of the distal flap artery. The prognosis for patients with a poor blood supply to the recipient area is poor if a conventional flap grafting procedure is adopted to reconstruct the defects (16, 17) .
The clinical use of flow-through flap grafting to reconstruct a soft tissue defect in combination with bone or tendon exposure has been widely accepted and good results are achieved, particularly for patients with only one remaining trunk artery. The surgical technology has been applied to various flaps with axial vascular patterns and appropriate distal vessel sizes, including free forearm flaps, free fibular flaps and anterolateral thigh flaps (18) (19) (20) . The application of this surgical technology not only reconstructs the defects, but also recovers continuity of the trunk vessels, and thereby stabilizes the blood circulation in the flap. It has been demonstrated that flow-through arterial anastomosis has a higher patency rate than end-to-end and end-to-side anastomoses, and increases the flow rate through the anastomotic sites (21) . Miyamoto et al (22) considered that flow-through arterial anastomosis helped to maintain a high rate of blood flow through the anastomotic site and facilitated early mobilization for patients undergoing skin flap grafting.
Application of venous flow-through flaps in the reconstruction of soft tissue defects has been widely used, which can involve flow-through flaps as a vessel carrier or arterialized venous flaps (23, 24) . The difference between venous flow-through flaps and conventional flaps is that arterial inflow-capillary-venous outflow is replaced by venous inflow-venous outflow (25) . There are three main theories that may explain the possible mechanisms by which the venous flaps survive. The first is 'reverse flow', which means intermittent flow with perfusion of the blood from the flap vein to the capillary and then back to the vein (26), while the second theory is 'A-V shunting', which means retrograde flow from the venous system to the arterial system via paralyzed arterial-venous shunts (27) . The third theory is 'capillary bypass', which means that the flow is through the venous system without entry into the arterial system until neovascularization has occurred (28) .
The present study was conducted in order to explore the effects of different treatments of trunk veins on grafting flap survival. The results demonstrated that a flow-through flap without the retention of any veins retention exhibited the ability to survive, although the survival state was poorer than that of skin flaps in which one or two veins were retained. The processes underlying the survival remain controversial, however there are several hypotheses. Anastomosing the two extremities of the artery creates a channel, which helps to facilitate venous drainage from the grafting flap, relieving much of the hydrostatic pressure of the area; the perforating veins, which forms in the early stage of grafting, combine with the capillary network, which forms in the late stage, to create blood circulation between the donor and recipient areas, resulting in the drainage of venous blood from the grafting flap; the bone marrow cavity beneath the graft provided a venous channel, which helps to drain the majority of the venous blood from the flap (7, 9, 29, 30) . Thoracic negative pressure induced when a respiratory pump is used, and the inherent venous pressure of the flap may also be important forces that drive the return of venous blood (22) .
Certain surgeons have hypothesized that performing two venous anastomoses (AV and SV) is imperative for the survival of flow-through flap grafts because multiple draining veins result in improved blood flow through the flap (31, 32) . Hanasono et al (33) considered that the blood velocity of a flap graft with two venous anastomoses did not increase significantly and resulted in a better prognosis when compared with one venous anastomosis (AV) in patients who underwent a flap graft with one or two anastomoses, due to the hypothesis that thrombosis is associated with a low-velocity state and performing two anastomoses theoretically increased the risk of thrombosis. The results of the present study are consistent with this, with regard to the survival condition on day 3, the survival rate on day 10, the microvessel counts and VEGF expression levels. Ross et al (34) found that flaps with two venous anastomoses did not have a higher survival rate than Figure 5 . Representative western blotting of vascular endothelial growth factor (VEGF) protein on day 5 (n=10 rabbits per group). β-actin was used as the loading control. SV superficial vein; AV accompanying vein. Figure 6 . Expression of vascular endothelial growth factor (VEGF) protein on day 5 (n=10 rabbits per group). Data are presented as the mean ± standard deviation. * P>0.05, no significant differences were detected between the accompanying vein (AV), superficial vein (SV) plus AV and control groups. flaps with one venous anastomosis (93.6 and 98.6%, respectively).
Aside from the risk of an anastomotic thrombosis, which may result in failure of the graft, it may be hypothesized that performing a single venous anastomosis could result in the loss of the flap graft as a result of insufficient drainage of the flap, because the anastomosed vein drains only a specific area of the grafting flap. However, there is little evidence in the literature to support this hypothesis, and multiple interconnections between the AV and SVs over the course of the pedicle and multiple microcirculatory communications create a channel that can help to transport blood from superficial to deep portions of the grafting flap (33). Therefore, we believe that just one deep venous anastomosis near the defect is adequate for survival of the grafting flap. It has been observed clinically and experimentally in anatomical studies that venous insufficiency caused by limited communication between the superficial and deep vascular networks may affect the survival of the grafting flap; however, this applies only to patients undergoing replants or in flaps where trauma to the donor or recipient vessel cannot be ruled out (35, 36) . The results of the present study also indicate that the retention of a SV is not sufficient for the complete survival of the grafting flap, because the interconnection between the AV and SV is unidirectional, which means that blood from the SV can flow to the accompanying (deep) vein, but the reverse cannot occur.
A limitation of this study is that the animal model may have some differences from clinical conditions in the aspects of blood velocity, patency rate of the blood vessels and state. Increases in the operative time of vascular anastomosis may also increase the risk of thrombosis; however, this was not examined in the present experimental study. Furthermore, the present study indicates that one SV is not sufficient for survival of the grafting flap. Further study is required to investigate whether the retention of a greater number of SVs is beneficial to flap survival.
In conclusion, the results of the present study demonstrated that a flow-through flap graft can survive with only one remaining trunk artery, and a greater number of anastomosed veins does not increase the survival of the flaps.
